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Department of Physiology and Biophysics, School of Medicine, Virginia Commonwealth University, Richmond, VirginiaABSTRACT Protein structures define a complex network of atomic interactions in three dimensions. Direct visualization of the
structure and analysis of the interaction potential energy are not straightforward approaches to pinpoint the atomic contacts that
are crucial for protein function. We used the tetrameric hyperpolarization-activated cAMP-regulated (HCN) channel as a model
system to study the intersubunit contacts in cAMP-dependent gating. To obtain a systematic survey of the contacts between
each pair of residues, we used normal-mode analysis, a computational approach for studying protein dynamics, and constructed
the covariance matrix for C-a atoms. The significant contacts revealed by covariance analysis were further investigated by
means of mutagenesis and functional assays. Among the mutant channels that show phenotypes different from those of the
wild-type, we focused on twomutant channels that express opposite changes in cAMP-dependent gating. Subsequent biochem-
ical assays on isolated C-terminal fragments, including the cAMP binding domain, revealed only minimal effects on cAMP
binding, suggesting the necessity of interpreting the cAMP-dependent allosteric regulation at the whole-channel level. For
this purpose, we applied the patch-clamp fluorometry technique and observed correlated changes in the dynamic, state-depen-
dent cAMP binding in the mutant channels. This study not only provides further understanding of the intersubunit contacts in
allosteric coupling in the HCN channel, it also illustrates an effective strategy for delineating important atomic contacts within
a structure.INTRODUCTIONIon channels are an excellent research target for the study of
protein allostery because their activities in response to
membrane potential changes or chemical cues can be faith-
fully recorded by electrophysiological methods (1–3).
During the past decade, structural biology techniques, espe-
cially x-ray crystallography, have been widely used in the
field of ion channel biophysics, and have provided exciting
insights at the atomic level. An experimentally determined
protein structure represents the conformation corresponding
to a local minimum on the energy surface, and can be used
as a solid platform for launching further computational and
functional studies. Starting from a newly solved crystal struc-
ture, a common practice is to design site-directed muta-
genesis and then test the predictions by using functional
assays. However, pinpointing the crucial atomic contacts
among the network of contacts contained within the structure
is not a trivial task. Delineating which contacts are important
for allosteric coupling is especially challenging, because in
general allosteric contacts are located at a distance away
from the structural domains that sense the stimuli (e.g., the
ligand- and substrate-binding sites) or the functional domains
(e.g., the ion-conducting pore and the catalytic site in
a protein enzyme). Hence, it has been difficult to determine
the structural basis underlying allosteric coupling.Submitted December 22, 2011, and accepted for publication May 22, 2012.
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0006-3495/12/07/0019/10 $2.00In this study, we aimed to investigate allosteric contacts
from the standpoint of protein dynamics, which is increas-
ingly being recognized to contain important information
for protein function. Studies on protein enzymes have re-
vealed an intriguing connection between enzyme catalytic
activity and collective molecular motions, which involve
every structural element in the system and describe a
concerted action among them (4–8). The collective
motions of the lowest vibration frequencies and the largest
amplitudes dominate the atomic fluctuations and are the
most functionally relevant (9–12). Investigators have devel-
oped several computational approaches to study protein
dynamics, including normal-mode analysis (NMA), an
analytical approach based on a harmonic approximation to
protein energy surface, and principal component analysis
(PCA, also called essential dynamics), a statistical approach
that is applied to an ensemble of protein conformations
collected in molecular-dynamics (MD) or Monte Carlo
(MC) simulations (13–15). Both approaches employ anal-
ysis of covariance or cross-correlation of atomic positional
fluctuations (16). To identify the crucial contacts, we used
NMA to extract the directionality (eigenvector) and the
frequency (eigenvalue) of the collective motions. The eigen-
vectors of the lowest vibration frequencies were used to
construct an essential covariance matrix for C-a atoms,
which represents a systematic and quantitative survey of
all contacts between each pair of residues (16).
In this study, we chose to use the hyperpolarization-acti-
vated cAMP-regulated (HCN) channel as our research
target, and investigated the role of intersubunit contactsdoi: 10.1016/j.bpj.2012.05.030
20 Marni et al.in cAMP-dependent allosteric regulation. Unlike other
voltage-gated channels, HCN channels open upon mem-
brane hyperpolarization (17,18). On the intracellular side,
the HCN channel carries a canonical cyclic nucleotide-
binding domain (CNBD). Direct cAMP binding facilitates
the activity of the HCN channel by shifting the voltage
dependence toward less negative potentials and increasing
the macroscopic current amplitude. Each HCN channel
contains four subunits. Within each subunit, there is a trans-
membrane domain (TMD) homologous to that of voltage-
gated Kþ channels, a CNBD in the C-terminus, and a
C-linker (CL) in between (19–22). The CL-CNBD fragment
functions as the essential molecular machinery for cAMP-
dependent gating. Structures of the CL-CNBD domain
from the mouse HCN2 (mHCN2) and the human HCN4
channel have been determined by x-ray crystallography
(23,24). These structures provide a detailed view of the local
contacts between cAMP and CNBD, as well as the subunit
assembly. However, all of these structures share an identical
folding schemewith the rootmean-square deviation (RMSD)
of the C-a atoms < 1 A˚. It remains unclear how cAMP
binding to the CNBD triggers a series of local and global
structural rearrangements to allosterically affect the move-
ment of the gate, which is located ~50 A˚ away in the TMD.
Numerous biophysical studies support a rather compli-
cated cooperativity among the four subunits during
cAMP-dependent gating in the HCN channel (25–27). CL-
CNBD structures reveal an extensive network of interac-
tions between neighboring subunits, especially in the CL
region; however, the roles of these interactions in allosteric
coupling remain to be clarified. At the whole-channel
protein level, previous studies on HCN or related cyclic
nucleotide-gated (CNG) channels revealed the contributions
of the N-terminal fragment, the pore, and residues to the CL,
but a comprehensive understanding of the contributions of
intersubunit contacts has been lacking (28–31). Here, based
on the CL-CNBD crystal structure, we applied NMA-based
covariance analysis to identify critical contacts. Promising
candidates were further tested by mutagenesis experiments.
To elucidate the molecular mechanism, we applied a multi-
disciplinary approach that was critical to gain an under-
standing from complementary angles.RESULTS
NMA-based covariance analysis is effective
for systematically surveying atomic contacts
The HCN CL-CNBD structure shows an extensive network
of intersubunit interactions within the tetrameric assembly
of four fragments (Fig. 1, A and B) (23). To better reproduce
the protein’s dynamic behavior in its native environment,
a 5 A˚ layer of water molecules was maintained on the
protein’s surface during the NMA based on an all-atoms
representation (AANMA) (Supporting Material) (32,33).Biophysical Journal 103(1) 19–28The first 100 eigenvectors of the lowest vibration frequencies
were used to calculate the covariance matrix. To illustrate
portions of the covariance matrix for intra- and intersubunit
contacts, we chose to use subunit B as an example, with intra-
subunit contacts shown in the middle and intersubunit
contacts with the neighboring subunit A (left) or subunit C
(right) shown on each side (Fig. 1 C). An examination of
the panels marked B-A and B-C reveals three clusters of
contacts (indicated by blue circles). These potentially signif-
icant contacts are located at the interfaces between CL-CL,
CL-CNBD, and CNBD-CNBD from neighboring subunits
and symmetrically distributed at the A-B and B-C interfaces.
The above analysis is based on an all-atoms representa-
tion in which all atoms, including those of surface water
molecules, are treated explicitly. This representation incor-
porates contributions from chemical details embedded in
side chains and bound cAMP molecules. To confirm the
robustness and accuracy of this approach, we used
a coarse-grained NMA based on the anisotropic network
model (ANM), which is based on a simple representation
of the system in which only C-a atoms are considered
with the unified force constant set as 1 kcal/mol/A˚2
(34,35). Impressively, this minimalist treatment effectively
captures the essentials of the energy, structure, and
dynamics, and reproduced experimental observations not
only for the protein but also for DNA and RNA systems
(36). Using the same set of C-a atoms from the above
AANMA, we carried out an ANM analysis and used the first
five out of a total of 2394 eigenvectors to construct the
covariance matrix (Fig. 1 D and Fig. S1 in the Supporting
Material). The ANM results match the AANMA results
and yield the same three intersubunit contact clusters.
To validate this strategy for NMA-covariance analysis,
we examined the contacts between cAMP and residues
of CNBD, which had been extensively studied by experi-
mental approaches. We started from an AANMA that incor-
porated more detailed chemical information and constructed
a covariance matrix for all cAMP atoms and C-a atoms
(Fig. 2 A). The covariance analysis revealed that residues
in close contact with cAMP include R591, T592, and
R632, among others. Indeed, most of these residues were
confirmed by previous experimental studies to be crucial
for ligand binding (22,28,37). To further validate this covari-
ance analysis approach, we analyzed the contacts within
a single subunit and ascertained whether basic structural
features, such as the secondary structures, could be captured
(Fig. 2 B). Because all atoms, including those of protein and
water molecules, are treated nondiscriminatively during
AANMA, the ability to reproduce the secondary structures,
which are not part of the input to the simulation system, can
be used as a criterion to measure the effectiveness of this
method. As illustrated in Fig. 2 B, the pattern of stable
contacts matches well with the definition of secondary struc-
tures in the original crystal structure. Thus, our analyses of
cAMP-protein contacts and intrasubunit contacts convince
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FIGURE 1 NMA-based covariance analysis of
the tetrameric CL-CNBD assembly in HCN chan-
nels. (A) Left: View of the CL-CNBD structure
covered with a 5 A˚ layer of surface water mole-
cules. Right: Side view of a single subunit. (B)
Secondary structures within a single subunit. CL
includes six a-helixes (A0–F0), and CNBD includes
four a-helixes (A, P, B, and C) and eight b-strands
(b1–b8). (C) Covariance matrix of C-a atoms
based on AANMA. To simplify the illustration,
one representative subunit (subunit B) and two
neighboring subunits (subunits A and C) are
shown. (D) Covariance matrix of C-a atoms based
on ANM.
Intersubunit Contacts in HCN Channel 21us that the covariance analysis based on NMA is able to
provide reliable and useful information for delineating
significant atomic contacts.Experimental tests of predicted interfacial
contacts between neighboring subunits
On the basis of the above computational analysis, we exam-
ined the corresponding primary sequence and identified the
residues that potentially support those intersubunit contacts
(Fig. 2 C). We started with charged residues and screened
each one by alanine replacement. We then characterized the
mutant channels by using three complementary approaches:
two-electrode voltage-clamp (TEVC) recording in the
whole-cell configuration, patch-clamp recording of channel
activities from excised membrane patch, and patch-clamp
fluorometry (PCF) recording of cAMP binding together
with channel activities (Supporting Material). TEVC tracesin response to a series of hyperpolarizing voltage steps are
shown in Fig. 3 A. The amplitude of the tail current
measured at 40 mV reflects the extent of channel activa-
tion by each voltage step. The Boltzmann equation was
used to fit the instantaneous amplitudes of the tail currents
plotted as a function of voltage. V1/2 corresponds to the
voltage step that generates half of the maximum activation.
Of note, due to slow activation of the mHCN2 channel, the
V1/2-value we obtained with 3-s voltage steps is more nega-
tive than that previously obtained under a fully equilibrated,
steady-state condition (38,39).
Because the K1/2 (EC50) for cAMP to regulate the voltage
gating of the wild-type (WT) mHCN2 channel is ~0.1 mM,
and the intracellular cAMP concentration in an intact oocyte
is in the micromolar range, TEVC traces of WT channel
actually reflect the channel’s behavior under a saturating
concentration of cAMP (40). Therefore, we used the mutant
channel mHCN2/R591E as a negative control for measuringBiophysical Journal 103(1) 19–28
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FIGURE 2 Significant cAMP-CNBD contacts (intra- and intersubunit)
identified by AANMA-based covariance analysis. (A) Significant contacts
between cAMP and protein residues from CNBD. Each line links a pair
of atoms from the cAMP molecule and C-a atoms with a covariance factor
of >0.97. Most of the residues identified here (e.g., R591, T592, and R632)
have been confirmed to be critical by experiments (37). (B) Significant in-
trasubunit contacts successfully replicate elements of secondary structures.
Each line represents a pair of C-a atoms with a covariance factor of >0.90.
Only the residue pairs that were more than three residues apart are consid-
ered. (C) Significant intersubunit contacts revealed by covariance analysis.
Each line represents a pair of residues with a covariance factor of >0.90.
22 Marni et al.the response to cAMP. The location of R591 is highly
conserved among not only HCN but also CNG channels
and protein kinases. The R591E mutation largely abolishes
cAMP binding but leaves no effect on the efficacy of
cAMP regulation, as indicated by maximal DV1/2 (24,41).
Compared with the WT channel, R591E mutation makes
the channel activate more slowly and deactivate more rapidly
(Fig. 3 A, top). Moreover, the V1/2 is 10.7 mV more nega-
tive. All of these differences between WT and R591E chan-
nels reflect the contribution from cAMP-dependent gating.
Next, we employed TEVC recording to screen the mutant
channels. Most of the channels showed significant changes
in the V1/2 and the time constant for activation or deactiva-
tion (Table S1). We focused on two mutant channels,
K452A and R590A, which express opposite changes in
channel kinetics and V1/2 (Fig. 3 A, bottom, and Fig. S3).
The V1/2 of mHCN2/K452A is comparable to that of the
WT channel but opens much faster and deactivates more
slowly, which indicates a possible enhanced response to
cAMP. In contrast, the V1/2 of R590A is 11.3 mV moreBiophysical Journal 103(1) 19–28negative than that of the WT channel and close to that of
R591E. Moreover, the R590A channel opens slowly and
deactivates much faster, consistent with a diminished
response to cAMP (Fig. 3 B).
To quantify the changes in the cAMP-dependent gating,
we employed patch-clamp recording on an excised
membrane patch in the inside-out configuration. By applying
different concentrations of cAMP to the bath and measuring
the corresponding DV1/2, we derived the values of K1/2
(EC50) and the maximal DV1/2 from the dose-response curve
Similarly to the TEVC results, the patch-clamp recordings
for K452A revealed a slight decrease in K1/2 (WT: 0.09 5
0.01 mM; K452A: 0.05 5 0.01 mM) and, impressively,
a 30% increase in the maximal DV1/2 (WT: 16.8 5
0.4 mV; K452A: 23.72 5 1.2 mV). Both measurements
clearly demonstrate an enhanced response to cAMP in
K452A channel. In contrast, in the R590A channel, the sensi-
tivity to cAMPwas significantly reduced asmeasured byK1/2
(0.875 0.24 mM). ThemaximalDV1/2 was reduced to ~59%
of the WT value (10.25 0.6 mV; Fig. 3 D). Both measure-
ments suggest that R590A negatively affects cAMP-
dependent gating. However, the contribution of R590 is
intrinsically different from that of R591, because the
R591A mutation reduces the sensitivity to cAMP by ~30-
fold but has no effect on the maximal V1/2 (37). Altogether,
the patch-clamp recordings provide strong evidence that
both K452A and R590A mutations affect the cAMP-depen-
dent regulation of channel activity. Because both residues
are located at a distance away from the core of CNBD and
mediate intersubunit contacts, they should contribute more
to allosteric coupling than to cAMP binding.Minimal effects on local cAMP-CNBD interactions
by K452A and R590A
To determine whether these mutations affect local cAMP-
CNBD interactions, we purified the CL-CNBD fragment
and measured the binding affinity (Kd) using isothermal
titration calorimetry (ITC) and fluorescence anisotropy
(FA) methods (Fig. 4 and Supporting Material). For WT
mHCN2 protein, the measured Kd is in the micromolar
range (ITC: 2.475 0.30 mM, n ¼ 9; FA: 0.325 0.04 mM,
n ¼ 3). The quantitative difference between the results may
be due to the different physics underlying ITC and FA. The
K452A sample did not show any significant changes in Kd
(ITC: 2.145 0.19 mM, n ¼ 3; FA: 0.415 0.18 mM, n ¼ 3)
or heat release upon cAMP binding (DH; Fig. 4 C).
In the R590A mutant protein, there was a slight decrease
in the binding affinity (ITC: 6.84 5 0.74 mM, n ¼ 3; FA:
0.52 5 0.31 mM, n ¼ 3) but no apparent change in
the heat release (DH). Of note, this reduction in Kd is
moderate and should not account for the ninefold increase
in EC50 or the 40% decrease in maximal V1/2 observed in
the full-length R590A channel. Clearly, these biochemical
assays provide useful information about the binding of
FIGURE 3 TEVC and patch-clamp recordings
of two representative mutant channels: K452A
and R590A. (A) Raw TEVC recording traces.
Top: WT mHCN2 (left) and R591E mutant chan-
nels (right) were used as positive and negative
controls, respectively, for cAMP binding. Bottom:
K452A (left) and R590A (right) mutant channels.
(B) V1/2-values based on TEVC recordings. An
independent t-test shows that R591E and R590A
channels are significantly different from the WT
channel (p < 0.001). (C) Patch-clamp recordings
of HCN channels in the inside-out configuration.
Left: WT. Middle: K452A. Right: R590A. Top:
Control without cAMP. Bottom: 10 mM cAMP in
the bath. The voltage protocol is shown on the
right. (D) Dose-response curve showing the shift
in voltage gating (DV1/2) versus cAMP concentra-
tion. At 10 mM, an independent-samples t-test
showed that both mutant channels were signifi-
cantly different from the WT channel (K452A,
t ¼ 4.15, p < 0.005; R590A, t ¼ 7.17, t < 0.001).
Intersubunit Contacts in HCN Channel 23cAMP to isolated CL-CNDB fragments, but limited infor-
mation about changes in the gating of full-length channels,
reinforcing the idea that both mutations affect the allosteric
coupling mediated by intersubunit contacts instead of local
contacts between cAMP and CNBD. From another angle,
these results highlight the importance of interpreting ligand
gating at the whole-channel level.
We also conducted an MD simulation to study how the
WT CL-CNBD structure, the starting point for the MD
simulations, evolves upon introduction of the K452A or
R590A mutation. Our major focus was the structural pertur-
bations localized to the point mutations, rather than global
changes such as the subunit assembly. We monitored the
distances of K452-E494 and R590-E617, two pairs of oppo-
sitely charged residues in close proximity (Fig. 5, A and B).
For the WT protein, the sharp peaks in the histograms reflect
very stable interfacial contacts (Fig. 5, C–F). In contrast,upon the introduction of both mutations, we observed
time-dependent drifts in both distances. It is clear that
near the end of the 20-ns simulation, two stable contacts
observed in the WT simulations were destabilized. Struc-
tural change at the global level is an interesting direction
to pursue, but currently such an investigation would be chal-
lenging in standard MD simulations (43–45). Nevertheless,
our MD simulation results indicate that electrostatic interac-
tions involving either K452 or R590 play an important role
in stabilizing the contacts between neighboring subunits.Interfacial mutations affect state-dependent
interactions between cAMP and the full-length
channel
An assay addressing the global interactions between cAMP
and the full-length channel should be able to provide insightBiophysical Journal 103(1) 19–28
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FIGURE 4 K452A and R590A mutations have
minimal effects on the binding of cAMP to an iso-
lated CL-CNBD domain. (A) Raw ITC results for
WT protein. The rate of heat change is plotted as
a function of cAMP injection time. (B) ITC results
for K452A protein. (C) ITC traces showing heat
change versus the molar ratio of cAMP to protein.
The measured Kd values were 2.47 5 0.30 mM
(n ¼ 9) for WT protein, 2.14 5 0.19 mM (n ¼ 3)
for K452A, and 6.84 5 0.74 mM (n ¼ 3) for
R590A. The R590A result is significantly different
from that of the WT sample (p < 0.05). ITC is not
sensitive for low-affinity binding such as that
observed for R591E. (D) FA results showing the
binding of 8-Fluo-cAMP to WT, K452A, R590,
and R591E proteins. The measured Kd values
were 0.32 5 0.04 mM (n ¼ 3) for WT mHCN2,
0.41 5 0.18 mM (n ¼ 3) for K452A, 0.52 5
0.31 mM (n ¼ 3) for R590A, and 350.35 8.6 mM
(n ¼ 3) for R591E.
24 Marni et al.from a different angle. Using fluorescent cAMP molecules
as a marker for ligand binding, as well as the PCF technique,
recent studies on the HCN2 channel have shown a significant
increase in cAMP binding corresponding to channel activa-
tion (46–48). This observation provides direct support for
the long-held notion that the ligand opens the channel by
preferably binding to and stabilizing the channel in an
open state (49). In contrast to classical electrophysiology
techniques such as TEVC and patch-clamp recording, PCF
enables the separation of channel opening and ligand
binding, two critical factors analogous to substrate binding
and enzyme catalysis that have been difficult to distinguish,
and thus is indispensable for specifically detecting ligand
binding in a certain functional state (50).
The dual regulation of HCN channels by both voltage and
cAMP provides a great opportunity for studying state-
dependent ligand binding. We used a single hyperpolarizing
voltage step to activate the channel and collected a series of
fluorescence images of membrane patch, with NBD-cAMP
serving as a marker for binding (Fig. 6 A, Table S2, and Sup-
porting Material). For the WT mHCN2 channel, we
observed a significant increase in cAMP binding corre-
sponding to channel opening (black trace, Fig. 6, B and
C). For the K452A channel, the increase in cAMP binding
corresponding to channel activation (DDF) is comparable
to that of the WT channel (Fig. 6, C and D). However,
during channel deactivation, cAMP unbinding is signifi-
cantly slower (independent t-test, t ¼ 2.86, p < 0.05).
This slow release of cAMP during channel deactivation
may explain the enhanced response to cAMP observed inBiophysical Journal 103(1) 19–28the K452A mutant channel. In contrast, the maximal DDF
in R590A mutant channel is significantly reduced (t ¼
7.81, p < 0.01). Thus, in agreement with the electrophysio-
logical characterizations showing that K452A enhances and
R590A decreases the response to cAMP, PCF experiments
demonstrate correlated changes in the dynamic interactions
between cAMP and the full-length channel. These results
provide direct evidence that mutations affecting the allo-
steric coupling perturb the dynamic, state-dependent
binding of cAMP to the full-length HCN channel.DISCUSSION
A common feature that is shared by many signaling proteins
under allosteric regulation is multimeric assembly (51). In
voltage-gated and ligand-gated ion channels, the positive
cooperativity among subunits within a functional channel
greatly enhances the sensitivity to external stimuli.
Conversely, the negative cooperativity expands the range
of detection. Consistent with the functional evidence sup-
porting the cooperativity among four subunits during
cAMP-dependent gating, the CL-CLBD structure reveals
an extensive network of intersubunit contacts (25,26).
However, our understanding of the functions of intersubunit
contacts has been limited, due in part to the difficulty of
teasing out the critical interactions from a network of
complicated interactions (31). In this study, we performed
a systematic survey of intersubunit contacts using an
NMA-based covariance analysis. Subsequent functional
assays confirmed that these intersubunit contacts play
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FIGURE 5 MD simulations reveal the disruption of electrostatic interac-
tions involving K452A or R590A. (A) Close-up view of the interaction
between K452 and E494. (B) View of the interaction between R590 and
E617. (C) Atomic distances of K452 N-z-E494 C-d atoms for WT protein
or K452A C-b-E617 C-d atoms for K452A proteins plotted as a function of
MD simulation time. (D) Histogram of the atomic distances based on a 20-
ns-long MD trajectory. (E) Distances of R590 C-z-E617 C-d atoms for WT
protein or R590A C-b-E617 C-z for R690A protein. (F) Histogram of the
atomic distances based on a 20-ns-long MD trajectory.
Intersubunit Contacts in HCN Channel 25a critical role in mediating the allosteric coupling between
ligand binding and channel opening.
Studying interfacial contacts in a newly solved crystal
structure has been established as a routine practice. Simply
analyzing the structure is challenging because of the
difficulty of identifying the critical components in a
complicated network of interacting atoms and residues.
Alternatively, analysis based on contact maps is an oversim-
plified approach, because interfacial contacts can be sup-
ported by long-range interactions involving residues that
are not in direct contact (Fig. S2). As a result of dewetting
of polar side chains at the interface, the local dielectric
constant can be as low as in the interior of the protein, which
directly promotes long-range electrostatic interactions.
Hence, a systematic survey of all contacts should be very
useful. Here, we began by using NMA, an analytical
approach for protein dynamics based on a description of
the system by potential energy functions. Another advan-tage of this method is the remarkable reduction in the
degree-of-freedom from 3  N, for a system containing N
particles, to the number of collective motions that dominate
the atomic fluctuations (16,52–56). We chose the first
100 modes for the AANMA and the first five for the
ANM-based NMA, both of which are significantly smaller
than the degree-of-freedom of the whole system (AANMA:
64,599; ANM: 2400). The accuracy and effectiveness of
this NMA-based covariance analysis were confirmed by
the successful delineation of the essential cAMP-CNBD
contacts as well as the reproduction of secondary structure
skeletons. Moreover, to further verify the robustness of
this approach, we tested the NMA based on ANM, which
considers only C-a atoms, and obtained results that are
highly comparable to the AANMA results. Because the
ANM model ignores the detailed chemical information
embedded in the structure, our results support the notion
that the shape of the protein molecule critically determines
the dynamics and function of the protein (36). In recent
years, other computational methods have been developed
to predict allosteric pathways, including the Markovian
propagation of signals approach, which is also based on
the ANM (57,58).
In addition to NMA, another widely used computational
approach for studying protein dynamics is the PCA, a statis-
tical analysis based on MD or MC simulations. Both NMA
and MD-based PCA can be traced to the definition of system
potential energy, but they are significantly different. NMA
focuses on the dynamic behavior of a protein molecule
within a harmonic energy well, which is most likely where
the original crystal structure stays. However, the MD-based
PCA is a statistical approach based on a sampling of protein
conformation space by an MD simulation. In most MD
simulations, the propagation of conformation sampling is
random. Our preliminary results show that the MD-PCA
method can successfully reproduce the local cAMP-
CNBD contacts as well as the secondary structural elements
within the same subunit, but the results for the intersubunit
contacts are not consistent. Still, the MD-based PCA has
great potential because the MD simulation has the advan-
tage of incorporating factors such as solvent and tempera-
ture, and can more faithfully reproduce the dynamic
behavior of protein molecules under native conditions
(59–62). Further investigation will be needed to exploit
the full potential of MD-based PCA for delineating crucial
atomic contacts.
To test the predicted critical atomic contacts experimen-
tally, we mutated the residues to alanine and employed
a multidisciplinary approach to characterize the mutant
channels. Electrophysiological recordings provide a seam-
less view of ionic flow through the open channel but very
limited information regarding two important issues: ligand
binding and channel gating (50). On the other hand,
biochemical binding assays on isolated CL-CNBD protein
yield information about local contacts between cAMP andBiophysical Journal 103(1) 19–28
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FIGURE 6 PCF measurements of full-length
K452A and R590A mutant channels. (A) Bright-
field images showing excised membrane patches
(left) and fluorescence images collected along the
voltage step. The timing of image collection is
shown in B. (B) Top: Hyperpolarizing voltage step
used for channel activation. Middle: TTL signal
from the CCD camera exposure port showing the
timing of image collection. Bottom: Normalized
macroscopic current traces. (C) Fluorescence signal
normalized to the intensity measured at40 mV. A
20-image protocol as shown in Bwas used to record
the dynamic cAMP binding during channel activa-
tion and deactivation. (D) A 17-image protocol
was used to specifically detect the decay of fluores-
cence intensity during channel deactivation. Notice
the increase in the release time constant for the
K452A channel and the decrease in dynamic
cAMP binding (DDF) for the R590A channel
compared with the WT channel.
26 Marni et al.CNBD, but reveal little about the allosteric coupling
between cAMP binding and channel opening. The two
mutations we focused on, K452A and R590A, significantly
altered the response to cAMP in the whole channel but had
minimal effects on the local interaction between cAMP and
the isolated CLþCNBD fragment. Therefore, in agreement
with the spatial localization of both residues (distant from
either the CNBD or the channel gate), these results highlight
the need to investigate cAMP-whole channel interactions.
Indeed, the PCF assay convincingly shows that K452A slows
down the release of cAMP during channel deactivation,
whereas R590A reduces the activity-dependent increase in
cAMP binding upon channel activation. In conjunction
with electrophysiology recordings and biochemical binding
assays, these studies provide a greater understanding of theBiophysical Journal 103(1) 19–28intersubunit contacts at both local and global levels, and
further reinforce the notion that the dynamic interaction
between ligand and whole protein is crucial in ligand gating.
To pinpoint the mechanism of allosteric coupling at the
atomic level, it will be necessary to compare the full-length
channel structures with or without cAMP. It is very possible
that major structural differences reside in the subunit
assembly and involve the crucial intersubunit contacts iden-
tified in this work.
To look further into the atomic details of those intersubunit
contacts, we investigated the electrostatic interactions
between K452 and its surrounding residues. We mutated
theK452 residue to a negatively charged glutamate (K452E).
As evidenced by TEVC experiments, K452E abolishes the
response to cAMP and makes the channel behave in the
Intersubunit Contacts in HCN Channel 27same manner as the R591E channel, which supports the
importance of the electrostatic interaction between K452
and its neighboring residues (Fig. S4). We then looked at
the nearby negatively charged residues to determine whether
the phenotype of K452E could be rescued by charge swap-
ping. Indeed, the channel containing the double mutations,
K452E þ E494R, causes the channel to behave similarly to
the WT channel. However, the channel containing only the
E494R mutation behaves normally, which is puzzling
because presumably it should disrupt the electrostatic inter-
action with K452 and E494. It is possible that complicated
structural rearrangements occur upon introduction of the
E494R mutation. As a result, K452 comes into contact with
other residues instead. It is recognized that a single point
mutation can introduce not only local but also global struc-
tural perturbations, complicating the interpretation of muta-
genesis results.
In summary, in this work we combined computational and
experimental approaches to systematically study the critical
intersubunit contacts in cAMP-dependent gating in the HCN
channel. We identified residues that are located a great
distance away from the ligand-binding site but nevertheless
are critical for the gating process. These intersubunit
contacts not only function as a molecular scaffold but also
play critical roles in allosteric coupling, which at the molec-
ular level is implemented through the dynamic, state-depen-
dent interaction between ligand and the whole channel. This
strategy of teasing out critical atomic contacts based on
covariance analysis potentially could be applied to other
types of proteins under allosteric regulation.SUPPORTING MATERIAL
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